Ground cumin is used as a flavoring agent in a number of ethnic cuisines. The chemical entities, which primarily establish its characteristically pungent flavor, are found in the volatile oil of cumin. Fixed oils and carbohydrates tend to round out the harshness of the volatile oil components. However, the quantity of volatile oil is commonly the measure of the quality of this spice. For several decades, the spice industry has used a classical distillation procedure for the determination of volatile oil in cumin and other spices. However, the method is cumbersome and requires nearly 8 h to complete. Supercritical fluid extraction with capillary gas chromatography-flame ionization detection is utilized in the formulation of a rapid, accurate, and specific method for the determination of volatile oil in ground cumin. Samples are extracted in a static-dynamic mode with CO 2 at 550 bar and 100°C. Toluene is used as a static modifier addition. The extracted volatile oil, collected in toluene, is analyzed directly using tetradecane as the internal standard. Integration is performed as grouped peaks to include all chemical entities found in cumin volatile oil recovered from the official distillation procedure. Results from this procedure compare favorably with those obtained by the official procedure (coefficient of correlation = 0.995, 24 samples).
C umin (Cuminum cyminum L.) is an annual herb of the Umbelleferae family. It is cultivated mainly in the Middle East, India, and Pakistan. Ground cumin seeds are used commercially to flavor many ethnic cuisines (e.g., Indian, Latin American, and Mexican). Cumin commonly contains between 2 and 3.5% volatile oil (VO). In 1991, the United States imported 8.85 million pounds of cumin, mostly from Pakistan and Turkey (1) .
Cumin volatile oil contains over a dozen chemical components, most of which are aldehydes. The major components include terpines (e.g., $-pinene, p-cymene, and (-terpinene), terpene aldehydes (e.g., cuminaldehyde, 1,3-p-menthadien-7-al, and 3-p-menthen-7-al), and terpene alcohol (cuminyl alcohol; [2] [3] [4] [5] [6] [7] [8] . Approximately 95% of the volatile oil of cumin is comprised of these 7 chemical entities. The single major component of the oil, cuminaldehyde (35-63%), is primarily responsible for the distinctive aromatic aroma and spicy, faintly pungent flavor (9) . In cumin and many other spices, the principal flavoring components are in the volatile oil. Hence, the concentration of the volatile oil in a ground spice is an indicator of the quality of that spice.
The Official First Action method for the analysis of spices for VO content involves a classic distillation from water, collection in Clevenger-type volatile oil traps, and a volumetric determination (10) . This procedure is time-and labor-intensive and lacks specificity and precision. Approximately 8 h are required per analysis.
Supercritical fluid extraction (SFE) has been proven an excellent replacement for many of the classical approaches to the analysis of volatile and semivolatile analytes in natural products. The extraction of natural product analytes from complex sample matrixes represents a challenge uniquely suitable to the properties of supercritical fluids. These fluids have solvating powers and densities approaching that of liquids. The solvent strength is directly related to the density of the fluid and can be regulated by varying the pressure and, to a lesser degree, the temperature. Supercritical fluids also possess the characteristics of low viscosity and high solute diffusivity, which facilitate rapid mass transfer. Gas-like viscosities and zero surface tension properties of supercritical fluids contribute to effective fluid penetration of the complex matrixes found in natural products. Finally, the fact that many supercritical fluids are gases at room temperature facilitates the collection of the solute in liquid or sorbent traps. A number of investigators have advantageously used SFE for the successful extraction of flavors and fragrances from various natural products. Thus, the chemical components of several spices have been analyzed using SFE (CO 2 ) accompanied by capillary gas chromatography (GC) or GC with mass spectrometric (MS) determinations (11) (12) (13) (14) (15) (16) .
Presented here are the details on the formulation and optimization of an SFE procedure for the extraction and collective GC determination of several components in the volatile oil of ground cumin. SFE parameters of pressure, temperature, and extraction time were evaluated and optimized, as well as dynamic and static-dynamic extraction sequences and the effect of toluene as a modifier. Experiments were performed using samples of 30 mesh ground cumin received as an ingredient for chili seasoning and other food products. 
METHOD

Apparatus
Standard Curve Preparation
Accurately pipette 0.0, 1.0, 2.0, 3.0, 4.0, and 5.0 mL aliquots of reference standard solution into respective 20 mL vials. Add 2.0 mL IS solution and toluene for a total volume of ca 10 mL in each vial. Relative to a sample weight of 100 mg, contents of vials represent 0.0, 1.0, 2.0, 3.0, 4.0, and 5.0% (v/w) volatile oil, respectively. Construct standard plot using above GC conditions and interactive software.
Sample Preparation and Extraction
Thoroughly mix exactly 100 mg ground cumin, ca 2.7 g Celite 545, and 2.0 mL of the internal standard solution. Quantitatively transfer the mixture to an extraction thimble containing ¼ (ca 50 cm 2 ) of a Kimwipe (Kimberly-Clarke, p/n 34155) tamped in the lower end. Tap the thimble on the bench top intermittently during transfer to effect a compact fill. Extract with supercritical CO 2 using SFE conditions described above. After reaching the set pressure, allow the sample to extract statically for 15 min. Continue extraction with a 30 min dynamic segment at a flow of 1.0 L/min gaseous CO 2 . Collect the volatile oil, thus extracted, by bubbling the CO 2 -toluene effluent through ca 10 mL toluene contained in a 20 mL glass vial. Quantitate the extracts directly using GC-FID and the established standard plot.
Results and Discussion
The work presented here represents an attempt to develop a rapid method capable of approximating the results obtained by the industry-standard, classical distillation procedure. To that end, the capillary GC determination of cumin VO is accomplished as the sum of the integrated areas of a grouping of peaks. This group integration includes all the chemical components of cumin VO-both the several major and many minor entities. All 24 samples examined were representative portions of lots of ground cumin (30 mesh) received in-house from spice suppliers.
Most materials that display supercritical properties under reasonable pressures and temperatures exhibit relatively poor solvating powers. Carbon dioxide, which possesses many characteristics desirable for SFE, has become the solvent of choice for many applications. However, CO 2 as a solvent of low polarity, has its greatest effectiveness with solutes that are nonpolar or moderately polar and are present at low concentrations. Therefore, the use of modified supercritical CO 2 to improve extraction efficiency is often desirable. However, a modifier will decrease the selectivity of an extraction and increase the risk of liberating interfering coextractives. A commonly used modifier, toluene, was used in this study. Methanol was found to react with some of the chemical components of cumin.
Initial efforts to extract volatile oil from ground cumin began with rather rigorous conditions. It was determined, through exhaustive extraction studies, that all volatile oils could be conveniently extracted from ground cumin with toluene-modified supercritical CO 2 at 690 bar and 70°C. Originally, samples were extracted for a 30 min static period fol- lowed by a 45 min dynamic period. The HVR of the SFE unit was held at 80°C. Subsequently, through systematic and incremental adjustment of various parameters, it was discovered that the cleanest extracts, consistent with complete extraction, could be obtained using less stringent conditions. With extraction times of 15 and 30 min, static and dynamic, respectively, and a pressure of 550 bar (at 100°C) complete extraction of the volatile oil was obtained. Toluene was used as the extraction cell-added modifier. (In the completed procedure, toluene used as a solvent for the internal standard, also serves as the modifier.)
Although increasing the extraction cell temperature from 70°to 100°C decreased the density of the supercritical CO 2 , the extraction efficiency improved only slightly. In all probability, the small decrease in solvent strength was more than offset by the advantages gained from increased diffusivity at the lower fluid density.
During the developmental stages of the method, evidence to support the 2-site theory of analyte-matrix bonding in natural products was observed. Characteristically, rapid extraction of the analyte from weaker bonding sites is followed by a much slower release of the remaining analyte from the stronger bonding sites. Hence, approximately 80% of the chemical components of cumin VO were easily extracted using unmodified supercritical CO 2 at 550 bar. Increasing the pressure to 690 bar (10 000 psi) improved the extraction efficiency only slightly. It was only with toluene-modified CO 2 that complete extraction could be realized.
In the initial developmental stages of this method, to assure that reference standards were fully recovered, an ice bath was used to cool the toluene in the collection vials. Later, it was determined that 100% of all the chemical components of cumin VO could be collected and retained by using only adiabatic cooling. By lowering the HVR temperature to 40°C, the toluene in the collection vial was cooled to approximately 15°C by the expanding CO 2 . Each component of cumin VO has a boiling point in excess of 100°C. For example, cuminaldehyde boils at 235°C.
A wad of laboratory wipes (Kimwipes) at the bottom of the extraction thimble provided 2 benefits. Not only were the bottom screens in the thimble cap kept clean, but a portion of the coloring and excipients of the ground cumin were retained in the wipes. Most of the interfering coextractives observed under the initial harsher conditions were retained on the Celite 545 when extraction conditions were optimized. Figure 1 represents a typical chromatogram of extracted VO from a sample of ground cumin. Positive identification was established for $-pinene, p-cymene, (-terpinene, cuminaldehyde, and cuminyl alcohol by direct comparison with reference standards using GC. The tentative identities of 3-p-menthen-7-al and 1,3-p-menthadien-7-al were inferred from relative retention values presented by Varo and Heinz (6, 7) . Reference standards of these 2 compounds were not available for direct comparison. Tetradecane was used as the internal standard. Group integration of both samples and standards were conducted on peak areas with retention times occurring between 1.8 and 4.3 min. All cumin volatile oil peaks have retention values between those of the solvent (toluene) and the internal standard (tetradecane). With a typical sample, 10 to 15 ng VO is injected on the column. Approximately 5 ng of this oil is cuminaldehyde.
Although all compounds present in cumin VO elute within 5 min, the temperature of the column oven was ramped to 325°C to remove a small amount of late-eluting coextractive material. This precaution was only necessary when repeated injections of the extracts were made over a period of several hours. Under the initial SFE conditions, the retention gap (guard column) and the packed injection liner were installed as precautions to avoid contamination of the capillary column. Their presence, though not necessary, remains desirable when using the finished method.
After optimization of the procedure for the SFE extraction and GC-FID determination of volatile oil described above, 24 samples of ground cumin were analyzed in triplicate. These same samples were also concurrently analyzed using the classical, industry-standard, distillation procedure. Several sam- ples at various levels of VO were analyzed in duplicate. A comparison of these results is presented as Table 1 . Levels of VO in these 24 samples ranged from 1.74 to 3.51% (v/w) using the developed SFE/GC procedure. Sample A was allowed to age for approximately 1 month prior to analysis to create an artificially low VO level. Samples V, W, and X represent ground cumin that was fortified with purified cumin VO to create samples with higher levels of volatile oil. Thus, the range of this methodology was extended to include the anticipated levels of ground cumin samples. Fortification of samples V, W, and X was accomplished with the addition of volatile oil that had been retrieved from the distillation procedure and dried over sodium sulfate. Thus, 2.5 g VO was added to 250 g ground cumin in a glass jar. The samples were mixed by tumbling for 1 h and allowed to stand for 4 days, with occasional mixing.
In all cases, oil volumes from the distillation procedure were read only after the VO had been allowed to stand overnight. There is an inherent difficulty associated with obtaining an accurate volumetric determination of VO volumes if samples are read sooner. During the extraction and collection of the oils, an emulsion of oil and water is formed in the traps. The composition of this emulsion seems to vary from sample to sample. After oil traps had been allowed to cool for 1 h, the VO remained cloudy, indicating the presence of water in the oil. Furthermore, the meniscuses were often difficult to read. After standing overnight, the VO was nearly clear and the meniscuses better defined. Oil volumes read after standing overnight were typically 0.1 to 0.3 mL less than readings taken after 1 h. However, even after prolonged standing some ambiguity existed because the exact reading of both the upper and lower meniscus was somewhat subjective.
Conclusion
The SFE/GC procedure resulting from this study is rapid, accurate, and specific for the determination of volatile oil in ground cumin. The percent relative standard deviation (%RSD) was less than 1.75% for each of the 24 samples analyzed in triplicate. A sample can be analyzed in approximately 1 ½ h. The results obtained are superior in precision and specificity to those recorded for the classical distillation (Clevenger) procedure which requires nearly 8 h to complete. Moreover, agreement between results from the 2 procedures is superb. A coefficient of correlation (r) of 0.995 was calculated for 24 samples of ground cumin ranging in VO levels from 1.74 to 3.51% (v/w).
